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Arginase 2 deficiency reduces hyperoxia-mediated 
retinal neurodegeneration through the regulation of 
polyamine metabolism 

SP Narayanan*' 1 ' 2 ' 3 , Z Xu 1 ' 2 , N Putluri 4 , A Sreekumar 4 , T Lemtalsi 1 ' 2 , RW Caldwell 5 and RB Caldwell 1 ' 2 ' 3 ' 6 

Hyperoxia treatment has been known to induce neuronal and glial death in the developing central nervous system. Retinopathy 
of prematurity (ROP) is a devastating disease in premature infants and a major cause of childhood vision impairment. Studies 
indicate that, in addition to vascular injury, retinal neurons are also affected in ROP. Using an oxygen-induced retinopathy (OIR) 
mouse model for ROP, we have previously shown that deletion of the arginase 2 (A2) significantly reduced neuroglial injury and 
improved retinal function. In the current study, we investigated the mechanism of A2 deficiency-mediated neuroprotection in the 
OIR retina. Hyperoxia treatment has been known to induce neuronal death in neonates. During the hyperoxia phase of OIR, a 
significant increase in the number of apoptotic cells was observed in the wild-type (WT) OIR retina compared with A2-deficient 
OIR. Mass spectrometric analysis showed alterations in polyamine metabolism in WT OIR retina. Further, increased expression 
level of spermine oxidase was observed in WT OIR retina, suggesting increased oxidation of polyamines in OIR retina. These 
changes were minimal in A2-deficient OIR retina. Treatment using the polyamine oxidase inhibitor, N, Af-bis (2, 3-butadienyl)-1, 
4-butanediamine dihydrochloride, significantly improved neuronal survival during OIR treatment. Our data suggest that retinal 
arginase is involved in the hyperoxia-induced neuronal degeneration in the OIR model, through the regulation of polyamine 
metabolism. 
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There has been increasing evidence that hyperoxia negatively 
affects neuronal development and maturation in neonates. It 
has been demonstrated that short exposures to nonphysiologic 
oxygen levels can trigger apoptotic neurodegeneration in the 
developing brain. 1-3 Retinopathy of prematurity (ROP) is a 
potentially blinding eye disorder that primarily affects infants 
born prematurely. It is one of the most common causes of 
visual loss in childhood and can lead to lifelong vision 
impairment and blindness. Today, with advances in neonatal 
care, smaller and more premature infants are being saved and 
these infants are at a high risk for ROP. According to National 
Eye Institute, about 1100-1500 infants in the United States 
each year develop ROP that is severe enough to require 
medical treatment, and approximately 400-600 of these 
become legally blind from ROP. 

From the clinical perspective, ROP is considered as a 
vascular disease and current treatments such as laser 
photocoagulation and cryotherapy target abnormal retinal 
angiogenesis. However, despite effective treatment of the 
vascular injury, many children suffer vision impairment, 
suggesting a disruption of neuronal development as well. 



Considerable evidences support the concept that ROP is not 
only a vascular disorder, but is also associated with functional 
visual deficits in ROP patients 4-8 as well as in animal 
models. 9-12 Sennlaub et al. 13 reported the first evidence for 
retinal neuronal apoptosis and degeneration in an animal 
model of ROP. Later, various studies including ours confirmed 
neuronal apoptosis and/or retinal degeneration in the ROP 
retina. 14-18 However, the cellular mechanisms causing this 
neurodegeneration are still unknown. Oxygen treatment has 
been identified as a trigger of neuronal and glial apoptosis in 
the developing brain 3 ' 19 ' 20 and adult retinal neurons. 21-23 
Hyperoxia-induced defects in retinal neural function have 
been reported in neonatal rats. 24 

Based on this evidence it is suggested that hyperoxia- 
mediated neuronal death could be a major cause for visual 
dysfunction in ROP. However, the mechanisms of the 
neuronal injury are as yet unknown. Using the oxygen- 
induced retinopathy (OIR) mouse model of ROP, we have 
previously shown a significant increase in retinal cell death 
immediately following hyperoxia treatment. 18 Our studies 
showed that deletion of arginase 2 (A2) significantly reduced 
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neurodegeneration and improved retinal function. 18 Arginase 
function is reported to be increased in various pathologies 
characterized by vascular dysfunction including diabetes 25 ' 26 
hypertension 27 ' 28 and ischemia reperfusion injury. 29 ' 30 Over- 
active arginase can alter vascular function by decreasing the 
supply of L-arginine to nitric oxide synthase, which will 
decrease nitric oxide formation. However, arginase also can 
increase the formation of polyamines, which have been 
implicated in neurological disease conditions such as 
Alzheimer's disease 31 and Parkinson's disease. 32 Polyamine 
catabolism was found to be enhanced in a rat model of 
traumatic brain injury. 33 Polyamines have been demonstrated 
to be involved in the pathogenesis of ischemic brain damage 
by various groups 34-36 and implicated in exitotoxic neuronal 
death in retina. 37 Amino aldehydes, acrolein and hydrogen 
peroxide are generated as byproducts during the oxidation 
of polyamines by polyamine oxidases and are toxic to 
neurons. 38 Studies in vitro and in vivo have also demon- 
strated key roles for these reactive aldehydes in apoptotic 
and necrotic mechanisms leading to both neuronal and glial 
cell death. 39-42 Polyamine regulated neurotoxicity is not well 
studied in retinopathy. However, elevated arginase activity 
and polyamine production have been linked to retinal 
ganglion cell death because of excessive activation of 
the excitotoxic NMDA receptors. 37 In the present study, 
we investigated whether arginase/polyamine signaling 
mechanisms are associated with the neurodegeneration in 
ROP retina. 

Results 

Hyperoxia-induced cell death. Death of retinal cells during 
the hypoxic phase of OIR has been reported pre- 
viously. 13 ' 17 ' 18 It also has been shown that hyperoxia causes 
neuronal death in brain 19 and retina. 24 Hence, it is important 
to investigate retinal cell death in the OIR retina during the 
hyperoxic phase. In the present study, we analyzed 
hyperoxia-induced retinal apoptosis using terminal deoxynu- 
cleotidyl transferase (TdT) dUTP nick-end labeling (TUNEL) 



assay (Figure 1a). Compared with room air (RA) controls, 
no significant changes in the number of TUNEL-positive cells 
were observed in any OIR samples after 8h of hyperoxia. 
However, after 24 h of hyperoxia there was a significant 
increase in the number of TUNEL-positive cells in the 
wild-type (WT) OIR retina compared with RA controls 
(P<0.01). The hyperoxia-induced cell death was markedly 
reduced in the A2 deficient (A2 _/ ~) OIR retina compared 
with WT OIR at 24 h (P<0.01). The retinal cell death in the 
WT OIR retina continued as the hyperoxia treatment 
continued for 2-5 days. During this period, the A2 _/ ~ OIR 
retina showed significant neuroprotection as compared with 
the WT OIR retina. The number of TUNEL-positive cells in 
the A2 _/ " OIR retina was significantly lower compared with 
the WT OIR at P9 (48 h of hyperoxia) as well (Figure 1 b). The 
majority of TUNEL-positive cells are localized in the INL 
(Figure 1a); however, a few TUNEL-positive cells were 
observed in the outer nuclear (ONL) layer as well as in the 
ganglion cell layer (Supplementary Figure 1). Retinal cell 
death associated with normal development was observed in 
the RA controls and decreased as development continued. 

Expression of arginase. Figure 2 shows the expression 
and localization of A2 on postnatal day 9 after 2 days of 
hyperoxia treatment in the OIR retina. We have previously 
reported that horizontal cells show elevated expression of A2 
during the hypoxic phase of OIR. 18 Our current analysis 
showed elevated levels of A2 in horizontal cells during the 
hyperoxia phase of OIR (Figures 2a and b) as well. In 
addition, high levels of A2 expression were observed in the 
ONL of both RA and OIR retina (Figures 2d and e). 
Expression of A2 was also seen in the region of the 
developing inner and outer segments (Figures 2f and g). 
Studies have shown that development of photoreceptor inner 
and outer segments is not complete until postnatal day 15 in 
mouse retina 43 Western blot analysis showed no significant 
difference in the level of A2 in the OIR retinas as compared 
with the RA control retinas (Figure 2h). This lack of an 
increase in total A2 protein levels despite the apparent 
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Figure 1 Hyperoxia-induced cell death in the OIR retina, (a) Cell death was studied using TUNEL assay on cryostat sections. Numerous apoptotic cells were present in the 
WT OIR retina. In the A2 ~ /_ OIR retina, fewer TUNEL-positive cells were observed compared with WT OIR retina, (b) Quantification of TUNEL-positive cells showed that the 
WT OIR retina had increased numbers of apoptotic cells at P8, P9 and P12 (1 , 2 and 5 days of hyperoxia, respectively). However, this increase was not observed in the A2 ~ /_ OIR 
retina. Data are presented as mean ± s.d. *WT RA versus WTOIR (P<0.01), # WT RA versus WTOIR (P<0.05), § A2 _/ " OIR versus WTOIR (P<0.01), N varies from four 
to six. Scale bar = 50 ^m. GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer 
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Figure 2 Expression of arginase 2 (A2) in the 01 R retina, (a and b) Immunostaining of retinal cryostat sections on postnatal day 9 showing immunoreactivity 
for A2 in horizontal cells and in the ONL in the WT RA and hyperoxia-treated WT OIR retina, (c) A2 _/ " OIR retina used as negative control. Scale bar = 50 /am. 
(d and e) High-magnification confocal images of WT RA and WT OIR retina showing immunolocalization of A2 in the horizontal cells and outer nuclear layer. 
Scale bar = 20^m. (f and g) High-magnification confocal images of A2 and DAPI showing A2 localization in the area of inner and outer segment development 
at P9. DAPI shows photoreceptor nuclei. Scale bar = 20^m. (h) Western blot analysis showing the expression of A2 in RA and OIR retinas. GCL, ganglion 
cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; ONL, outer nuclear layer; OPL, outer plexiform layer; *Area of inner and outer segment 
development 
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increase within the horizontal cells may be explained by 
degeneration of some horizontal cells as shown by quantita- 
tion of calbindin-positive INL cells (Figures 3a, b and c) and 
by TUNEL labeling of horizontal cells (Figure 3d). It should 
also be noted that the number of horizontal cells is very low 
relative to the number of photoreceptor cells, which express 
relatively high levels of A2 in both RA controls and OIR 
retinas. 

Polyamine oxidation in OIR retina. Increased arginase 
activity can lead to increased formation of polyamines. 
Polyamines and their oxidation products have been reported 
to be associated with neuronal death in various CNS 
pathologies. In the current study, we used mass spectro- 
metry to analyze changes in the levels of polyamines and 
their acetylated intermediates in the OIR retina. Figure 4a 
shows a simplified flowchart of polyamine metabolism. 
As shown in Figure 4b, alterations in polyamine metabolism 
were evident in the OIR retina. A significant increase in 
spermidine along with a significant decrease in spermine was 
observed in the WT OIR retina. These alterations were not 
seen in the A2 _/_ OIR retina. Spermidine levels in the A2 _/ " 
OIR retina were significantly lower compared with WT OIR 
and similar to that of RA controls. Spermine was observed to 
be significantly increased in the A2~ /_ OIR retina compared 
with WT OIR. These results suggest the involvement of the 
backward conversion pathway of spermine to spermidine, by 
spermine oxidase (SMO) in the OIR retina. It has been well 
demonstrated that oxidation of spermine and spermidine 
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Figure 3 Analysis of horizontal cells in the WT OIR retina, (a and b) Calbindin 
immunostaining of horizontal cells on RA and OIR sections. Scale bar = 50|im. 

(c) Quantification showing a significant decrease in the number of calbindin-positive 
horizontal cells in WT OIR retina compared with RA controls. *P<0.05, A/=5. 

(d) Colocalization of TUNEL-positive cells with calbindin-positive horizontal 
cells in WT OIR retina. Scale bar = 50|im. GCL, ganglion cell layer; INL, inner 
nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer 
plexiform layer 
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Figure 4 Analysis of polyamines in OIR retina, (a) Simplified flow chart showing the polyamine interconversion pathway. SMO, spermine oxidase; APAO, acetyl 
polyamine oxidase; SSAT, spermine spermidine acetyl transferase. Modified from Narayanan et al 44 (b) Using mass spectrometry, levels of spermine, spermidine, putrescine, 
A/-acetyl spermine and A/-acetyl spermidine were analyzed in the retinal samples collected on P9 (2 days of hyperoxia) and their relative levels are normalized to internal 
standards used. Changes in polyamine metabolism are observed in WT OIR retina. Data presented as mean ± S.E.M. *WT RA versus WT OIR (P<0.05), § A2 _/ " OIR 
versus\NT OIR (P<0.05), N varies from 10 to 12 



generates reactive aldehydes such as 3-amino propanal and 
acrolein, and H 2 0 2 as by products. 38 ' 45 As seen in Figure 4b, 
putrescine levels were not significantly changed in any OIR 
retina relative to normoxia controls. Levels of acetylated 
spermine and spermidine were reduced in both OIR groups. 
A/-Acetyl spermine, the intermediate in the oxidation of 
spermine to spermidine, was significantly increased in WT 
OIR compared with A2~ /_ OIR retina. 

Expression and activation of SMO. Polyamine oxidases 
are enzymes involved in the backward oxidation of spermine 
and spermidine to spermidine and putrescine, respectively. 
SMO is the polyamine oxidase that converts spermine to 
spermidine. We further investigated the expression of SMO 
in the OIR retina. Significant increases in SMO expression 
was observed in the WT retina at all stages of OIR studied 
(Figures 5a and b). Increased expression of SMO was 
observed in WT OIR in comparison with WT RA as early as 
P8 and continued through P12. In the A2 _/ ~ OIR retina, 
levels of SMO were significantly reduced compared with WT 
OIR and levels were similar to WT RA controls. However, in 
the A2~ /_ RA controls, levels of SMO were elevated as 
compared with WT controls. Immunolocalization studies 
using confocal imaging showed that SMO expression is 
distributed in the ganglion cell layer, INL, OPL, ONL and RPE 



cells (Figures 5c-f). Consistent with western blot data, the 
A2 _/ ~ OIR retina showed reduced expression of SMO. 
Higher magnification images showed increased SMO immuno- 
reactivity in the OPL and ONL of the WT OIR retina 
(Figures 5g-j). As photoreceptor inner and outer segments 
are not well differentiated at this time, it was not possible to 
localize SMO to specific photoreceptor compartments. SMO 
expression was also prominent in the RPE cells of the WT 
OIR and A2 _/ ~ RA retinas compared with the other groups 
(Figures 5k-n). Reactive aldehydes such as 3-amino 
propanal are generated along with H 2 0 2 as byproducts of 
polyamine oxidation. These can increase oxidative stress 
and are cytotoxic leading to neuronal death. Formation of 
H 2 0 2 in the OIR retinas was studied using Amplex Red 
assay. As shown in Figures 5o, H 2 0 2 release was 
significantly increased in WT OIR retina. In A2 _/ ~ OIR 
retina, H 2 0 2 release was significantly reduced relative to WT 
OIR retina. These results suggest that oxidation of spermine 
is reduced in the A2" /_ OIR retina. 

Apoptotic signaling pathways. We further studied the 
signaling pathway involved in the polyamine oxidation- 
mediated neuronal death in the retina. Increased phospho- 
rylation of JNK/SAPK was observed in WT OIR retina 
compared with normoxic controls. An elevated expression 
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Figure 5 Increased polyamine oxidation in the OIR retina, (a) Western blot analysis showing increased expression of spermine oxidase (SMO) in WT OIR retina during 
different stages of hyperoxia. SMO expression is significantly reduced in A2 _/ ~ OIR retina and is comparable to RA controls at all stages of hyperoxia studied, 
(b) Quantification of SMO expression in RA and OIR samples using ImageJ software. Data presented as mean ± S.D. *WT RA versus WT OIR (P<0.01), § A2 _/ ~ OIR 
versusWT OIR (P< 0.01), N varies from 4 to 6. (c-n) Confocal images of SMO immunolocalization on retinal cryostat sections on postnatal day 9. Top panel (c-f) shows SMO 
expression in various retinal layers. Arrows represent areas of high expression. Scale bar = 50 ^m. Middle panel (g-j) shows increased expression of SMO in the OPL and 
ONL in WT OIR retina. Scale bar = 20 /urn. High-magnification confocal images of SMO and DAPI in the bottom panel (k-n) show SMO expression in the ONL and RPE cells. 
GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer, *RPE. Scale bar = 10^m. (o) Analysis of 
hydrogen peroxide formation in the OIR retina using Amplex red showing increased H 2 0 2 in WT OIR retina compared with A2 _/ ~ OIR and room air controls. Data presented 
as mean ± S.D. *WT RA versus WT OIR (P<0.01), § A2- /_ OIR versus WT OIR (P<0.01), A/=5 



level of FASL was also observed in the WT OIR retina 
compared with RA controls, demonstrating the involvement 
of the death receptor pathway. These changes were not 
observed in A2 _/ ~ OIR retina (Figures 6a and b). In 
addition, markedly increased levels of BID, cleaved BID 
and cytochrome c were observed in WT OIR retina as 
compared with the RA controls. These results indicate that 
the mitochondrial permeability pathway is also involved. 
In the A2 _/ ~ OIR retina, the expression of BID, cleaved 
BID and cytochrome c were not elevated, and instead 
were significantly reduced compared with the WT OIR 
(Figures 6a and b), consistent with decreased neuronal 
death in the A2 _/ ~ OIR retina. 

Inhibition of polyamine oxidase. In order to determine the 
impact of inhibiting polyamine oxidation on neuronal cell 
death, mice were treated with polyamine oxidase inhibitor, 
MDL72527, on P7 and P8, and retinal cell death was 



examined on P9. WT RA animals were used as controls to 
see whether MDL 72527 (A/, /V-bis (2, 3-butadienyl)-1 , 
4-butanediamine dihydrochloride) had any effect on develop- 
mental apoptosis. WT OIR mice treated with MDL 72527 
for 2 days showed significantly reduced apoptosis in the 
retina compared with vehicle-treated controls (Figures 7a 
and b). These results further confirm the role of polyamine 
oxidation in neuronal death in the OIR retina. RA controls 
treated with vehicle or MDL 72527 did not show any 
significant change in numbers of TUNEL-positive cells. 
Analysis of H 2 0 2 formation using amplex red assay showed 
reduced levels of H 2 0 2 in the MDL 72527-treated OIR retina 
compared with vehicle-treated controls (Figure 7c). These 
results demonstrate that inhibiting polyamine oxidation 
during hyperoxia treatment reduces neuronal death in the 
retina. 

Studies of apoptotic signaling mechanisms showed 
that levels of phosphorylated JNK/SAPK as well as total 
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Figure 6 Signaling mechanisms of hyperoxia-mediated neuronal death in OIR retina, (a) Western blot analysis showing the phosphorylation levels of JNK/SAPK P54 and 
JNK/SAPK P46. (b) Quantification of phosphorylation changes in JNK/SAPK P54 and JNK/SAPK 46. (c) Western blot analysis showing the expression of FASL, BID, cleaved BID 
and cytochrome c in WT OIR retina as compared with A2 ~ 1 ~ OIR retina and RA controls, (d) Quantification of changes in these signaling molecules in WT RA, WT OIR, A2 ~ 1 ~ 
RAand A2 _/ " OIR retinas. Data are presented as mean±S.D. *WT RA versus WT OIR (P<0.01), § A2 _/ " OIR versus WT OIR (P<0.01), N varies from four to six 
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Figure 7 Impact of polyamine oxidase inhibition in the OIR retina, (a) TUNEL assay performed on retinal sections from RA and OIR mice treated with vehicle or MDL 
72527 from P7 to P9. (b) Quantification of the number of TUNEL-positive cells per retinal section in RA and OIR retina treated with vehicle or the polyamine oxidase inhibitor 
MDL 72527, showing significant neuronal survival in MDL 72527-treated OIR retina, (c) Measurement of H 2 0 2 formation using Amplex Red assay in the RA and OIR retina 
treated with vehicle or MDL 72527. Data presented as mean±S.D. 'Vehicle OIR versus MDL 72527 OIR (P<0.01), N varies from four to six. Scale bar = 50^m. GCL, 
ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer 



JNK/SAPK were significantly reduced in MDL72527-treated 
OIR retina compared with vehicle-treated OIR group. 
Significant reductions in the expression of FASL and 



cytochrome c were also observed in MDL 72527-treated 
OIR retina (Figures 8a and b). These results demonstrate that 
inhibiting polyamine oxidation can block hyperoxia-induced 
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Figure 8 Effect of MDL 72527 treatment on apoptotic signaling in the OIR retina, (a) Western blot analysis showing changes in p-JNK/SAPK, t-JNK/SAPK FASL and 
cytochrome c with MDL 72527 treatments, (b) Quantification of changes in apoptotic signaling molecules in response to MDL 72527 treatment in the OIR retina. Data 
presented as mean ± S.D. 'Vehicle OIR versus MDL 72527 OIR (P<0.01), § Vehicle OIR versus MDL 72527 OIR (P<0.05), N=S 



activation of FASL and mitochondrial permeability-mediated 
cell death pathways in the OIR retina. 

Discussion 

The present study provides the first specific evidence for 
hyperoxia-induced neuronal death during OIR and polyamine 
oxidation as a novel mediator of neurodegeneration during 
ROP. Although retinal neovascularization is the most recog- 
nized characteristic of ROP, the disease results in neuronal 
dysfunction as well. 6 ' 7 ' 9 ' 46 ' 47 However, the cellular mechanisms 
are still not well understood. We have previously shown 
that deletion of A2 significantly reduces retinal degeneration 
and improves retinal function following hyperoxia treatment in 
the mouse model of OIR. 18 In the present study, we are 
demonstrating the mechanism of this neuroprotective effect. 
Neuronal degeneration during OIR has been studied 
previously by several groups. 14-18 However, these previous 
studies have focused on the hypoxia phase of OIR (P12-P1 7). 
In the current study, we report significant neuronal death 
during the hyperoxia phase. To the best of our knowledge, this 
is the first report of hyperoxia-induced retinal neuronal 
apoptosis during OIR. In our previous study, we have shown 
that TUNEL-positive cells in the WT OIR retina mainly 
included INL neurons such as amacrine cells and bipolar 
cells, but also included some ganglion cells, photoreceptors 
and Muller cells. In the present work, we have not 
characterized the TUNEL-positive cells. However, it is evident 
that they are localized mainly in the inner retina. This suggests 
that various retinal neurons could be undergoing hyperoxia- 
induced cell death. The significant reduction in numbers of 
TUNEL-positive cells in hyperoxia-treated A2 _/ ~ mice 
demonstrates a role for A2 in hyperoxia-induced retinal 
neurodegeneration. 

We have shown that A2 is strongly expressed in retinal 
horizontal cells. 18 Immunoreactivity for A2 appears higher in 
horizontal cells of the hyperoxia-treated OIR retina. However, 
western blot analysis showed no change in the total levels of 
A2 protein in OIR retina compared with RA controls. We 
believe that this could be due to the degeneration of some of 
the horizontal cells under hyperoxia conditions. Lachapelle 
et al. 47 have reported degeneration of horizontal cells in 
newborn rats under hyperoxia. It is interesting that while the 
major localization of A2 is in horizontal cells, its deficiency is 



neuroprotective for retinal neurons in the INL. This could be 
due to the release of neurotoxic factors from degenerating 
horizontal cells and/or alterations in cell-cell interactions 
resulting from the degeneration of A2-expressing cells. 

It has long been known that arginase is an important 
regulator of polyamine metabolism 48 Alterations in polyamine 
metabolism are linked with neurodegeneration in various 
pathologies. Increases in levels of spermidine relative 
to spermine have been reported in neurodegenerative 
conditions such as Alzheimer's disease 31 and Parkinson's 
disease. 32 Polyamines are also involved in the pathogenesis 
of ischemic brain damage. 34-36 Polyamine-regulated neuro- 
toxicity is not well studied in retinopathy. However, elevated 
arginase activity and polyamine production have been linked 
to retinal ganglion cell death because of excessive activation 
of the excitotoxic NMDA receptors. 37 In the present study, we 
have demonstrated the involvement of polyamine oxidation in 
hyperoxia-mediated neuronal death. Increased levels of 
spermidine and decreased levels of spermine in the WT OIR 
retina (Figure 4b) suggest backward conversion of spermine 
to spermidine catalyzed by SMO. This was further confirmed 
by data showing increased expression of SMO in the WT OIR 
retina. SMO is a key enzyme in polyamine metabolism. 38 Its 
function is important for maintaining polyamine homeostasis 
in mammalian cells. SMO catalyzes the oxidation of spermine 
to spermidine. During polyamine catabolism, amino alde- 
hydes, acrolein and hydrogen peroxide are generated as 
byproducts of polyamine oxidase activity and these are shown 
to be toxic during ischemic brain injury. 38 

The mechanism by which Arginase regulates SMO 
expression/activity in the OIR retina is not known. One possible 
explanation is that hyperoxia-induced increases in arginase 
function tend to increase ornithine and polyamine levels, 
which in turn activate SMO to maintain the balance in 
intracellular polyamines. Under normoxia conditions in the 
A2 _/ ~ retina, polyamine synthesis is relatively low (as seen 
by reduced spermidine and putrescine) because of the 
arginase deficiency and the level of SMO is higher. This 
could be a compensatory mechanism to maintain the supply 
of intracellular spermidine. When the A2 _/ ~ retina is exposed 
to hyperoxia, SMO expression/activity is decreased in order to 
reduce spermine oxidation and thus preserve the intracellular 
pool of spermine and spermidine. Consistent with the 
suggested backward conversion of spermine to spermidine 
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in the WT 01 R retina, levels of both acetylated polyamines 
(A/-acetyl spermine and A/-acetyl spermidine) were significantly 
reduced in the WT 01 R retina as compared with the WT RA 
controls. In the A2~ /_ OIR retina, A/-acetyl spermine was 
significantly reduced compared with the WT OIR retina. This 
could be due either to decreased acetylation of spermine or 
increased oxidation of A/-acetylated spermine. As the level of 
spermidine level is also significantly lower in A2 _/ " OIR 
retina as compared with the WT OIR retina, it is possible that 
acetylation of spermine by the enzyme, SSAT (spermine 
spermidine acyl transferase) is reduced in the absence of A2. 
In the present study, we have not investigated SSAT 
expression or activity. However, the amount of A/-acetylated 
spermidine was similar in both OIR groups. We plan to 
determine the role of SSAT in OIR in our future studies. 

Considering that the peak of apoptosis occurred at P9 after 
48 h hyperoxia, we studied polyamine levels at P9. It is very 
likely that polyamines and their metabolites are also altered 
earlier. These alterations in polyamine metabolism are further 
confirmed by elevated expression of SMO at all stages of 
hyperoxia studied. Localization studies showed that SMO is 
expressed by cells in the inner and outer retina. 

Studies in developing brain have shown the critical 
involvement of Fas signaling in the pathogenesis of hyper- 
oxia-mediated injury 19 as well as in other types of neuronal 
injuries. 19 ' 49 ' 50 Recently, Sif ringer et a\? A showed that 
hyperoxia-mediated neurodegeneration in the developing 
brain is supported by intrinsic apoptosis as well. Our studies 
show that phosphorylation of p-JNK/SAPK and expression of 
FASL was increased in the OIR retina. In addition, expression 
of BID (and cleaved BID) and cytochrome c were also 
elevated in the OIR retina. During Fas signaling, full-length 
BID, localized in cytoplasm, is cleaved by caspase 8 and 
cleaved BID (tBID) translocate to the mitochondrial outer 
membrane and triggers caspase 9-mediated apoptotic signal- 
ing and cytochrome c release. 52 ' 53 Increased cytochrome c 
release supports the involvement of mitochondrial membrane 
permeability-mediated apoptosis in the OIR retina. In our 
earlier studies, we have shown the involvement of the intrinsic 
pathway in neuronal death during the hypoxic phase of OIR. 18 
Expression of the apoptotic markers studied was reduced in 
A2 _/ ~ OIR retina, suggesting that deficiency of A2 reduces 
apoptotic signals during OIR. Various studies in brain have 
shown the involvement of both the intrinsic pathway 51 ' 54 and 
Fas signaling pathways 19 ' 50 in hyperoxia-induced neuronal 
death. Acrolein has been shown to exert direct mitochondrial 
toxicity, 55 whereas aminoaldehydes like 3-amino propanal act 
at the premitochondrial phase of apoptosis via promoting 
lysosomal leakage or lysis. 56 ' 57 

In the current study, treatment of OIR retina using PAO 
inhibitor significantly reduced retinal apoptosis and H 2 0 2 
formation compared with vehicle-treated group. MDL 72527 is 
a competitive irreversible inhibitor of SMO and APAO, and is 
widely used to inhibit polyamine oxidase activity. 58 Studies 
have shown that inhibition of polyamine oxidases using MDL 
72527 significantly reduced brain edema, ischemic injury 
volume and polyamine levels in a rat model of cerebral 
ischemia. 45 ' 59 In another study, Dogan et al. have shown that 
blockade of the polyamine interconversion pathway using 
MDL 72527 can be neuroprotective after traumatic brain 



injury. 59 The reactive aldehydes and H 2 0 2 released during 
polyamine oxidation can damage RNA, DNA, proteins and 
membranes. This oxidative damage can lead to apoptosis of 
cells and the heritable damage to DNA may result in 
transformation, carcinogenesis and metastatic disease 45 In 
our system MDL 72527 must be blocking the oxidation of 
spermine and/or spermidine, and thus reducing the formation 
of H 2 0 2 and other toxic aldehydes, thereby reducing oxidative 
stress to OIR retina. 

To the best of our knowledge, this is the first report 
elucidating hyperoxia-induced neuronal damage in a model of 
OIR. We have demonstrated a crucial role of the arginase/ 
polyamine pathway in the OIR retina and oxidation of 
polyamines as one of the major mechanisms associated with 
neuronal injury in the OIR retina. Considering the need for new 
therapies for patients suffering from vision problems asso- 
ciated with ROP, our findings are highly relevant from a clinical 
perspective. Our data suggest that inhibition of arginase/ 
polyamine signaling can be considered as a therapeutic target 
to limit neuronal dysfunction in ROP patients. 

Materials and Methods 

Antibodies. Antibodies were purchased from SantaCruz Biotechnology 
(Dallas, TX, USA) (A2, Polyamine Oxidase), Sigma (St. Louis, MO, USA) 
(Calbindin, Tubulin) and Cell Signaling Technology (Boston, MA, USA) (FASL, 
P-JNK/SAPK, total JNK/SAPK, BID and cytochrome c). 

Animal model of OIR. This study was carried out in strict accordance with 
the recommendations in the Guide for the Care and Use of Laboratory Animals of 
the National Institutes of Health. Experiments were approved by the Institutional 
Animal Care and Use Committee of the Georgia Regents University. Mice deficient 
in arginase 2 (A2 _/ ~) and WT controls were used in these studies. A2 _/ ~ mice 
developed by Shi et al. 60 were provided by Dr. Cederbaum (University of 
California, Los Angeles, California, USA) with the permission of Dr. O'Brien. The 
mouse model for OIR was generated as described previously. 18 Briefly, on P7 
newborn mice are placed with their dam in 70% oxygen (hyperoxia) for 5 days and 
then returned to RA on P12. Mice were killed at various times during the hyperoxia 
treatment and their retinas were collected and analyzed as described below. 

TUNEL assay. Cell death was studied using TUNEL assay on cryosections 
(Flourescein Insitu Cell death detection kit, Millipore, Billerica, MA, USA). 
Quantification of TUNEL-positive cells in retinal cryosections from optic disc to 
periphery was performed manually. A minimum of three sections (20 fim apart) per 
animal were used. 

Immunofluorescence. This was performed as described previously 
according to Narayanan et a/. 18 Briefly, eyes were enucleated, fixed in 4% 
paraformaldehyde (overnight, 4°C), washed in PBS and cryoprotected overnight 
in 30% sucrose. Cryostat sections (10 ^m) were permeabilized in 1% Triton X-100 
(20min) and blocked in 10% normal goat serum containing 1% BSA (1 h). 
Sections were then incubated overnight in primary antibodies (4°C). On day two, 
they were incubated (1 h) in Flourescein or Texas red-conjugated secondary 
antibodies (Life Technologies, Grand Island, NY, USA), washed in PBS and 
mounted with Vectashield (Vector Laboratories, Burlingame, CA, USA). 

Microscopy. Imaging of retinal cryostat sections was performed using either 
confocal microscope (Zeiss LSM 510 META) or a Zeiss Axioplan Imager 
Microscope (Carl Zeiss, Thornwood, NY, USA). 

Quantification of horizontal cells. Calbindin-positive INL cells were 
quantified on retinal cryostat sections manually from optic disc to periphery. 
A minimum of three sections (20 fim apart) per animal were used. 

Western blotting. Retinal homogenates were prepared using RIPA buffer 
(Millipore) supplemented with protease and phosphatase inhibitors (Roche Applied 
Sciences, Indianapolis, IN, USA). Proteins were separated on SDS-PAGE and 
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transferred onto nitrocellulose membrane (Millipore), blocked in 5% milk or 3% 
BSA in TBST (Tris-buffered saline containing 0.5% Tween 20). The membrane 
was incubated overnight (4°C) in primary antibodies diluted in the blocking 
solution, washed and incubated in respective secondary antibodies (HRP 
conjugated, GE Healthcare, Pittsburgh, PA, USA) for 1 h at room temperature 
and developed using Enhanced Chemiluminescence (ECL, GE Healthcare) 
or Westdura Detection (Thermo Scientific, Rockford, IL, USA). 

Liquid chromatography/mass spectrometry: sample preparation. 

Retinal tissues were homogenized in ice-cold water/methanol (1 : 4) mixture 
containing equimolar mixture of standard compounds ([15N]-Tryptophan, [D4] 
Thymine [15N] Arginine). The homogenate was then subjected to extraction 
with sequential use of aqueous and organic solvents in the ratio 1:4:3:1 
(water/methanol/chloroform/water). The resulting extracts were de-proteinized 
using a 3-kDa molecular filter (Amicon Ultracel -3K Membrane, Millipore 
Corporation, Billerica, MA, USA) and the filtrate containing metabolites were dried 
under vacuum (Genevac EZ-2 plus , Genevac, Gardiner, NY, USA). Before mass 
spectrometry analysis, the dried extract was resuspended in identical volume of 
injection solvent composed of water/methanol (50 : 50) with 0.2% acetic acid and 
subjected to liquid chromatography mass spectrometry. 

Liquid chromatography/mass spectrometry. The chromatographic 
separation of metabolites was performed using either reverse phase separation or 
aqueous normal phase separation online with QQQ mass spectrometers (Agilent 
Technologies, Santa Clara, CA, USA). The reverse phase chromatographic 
method employed a gradient containing water (solvent A) and acetonitrile (solvent 
B, with both solvents containing 0.2% acetic acid and 0.1% formic acid). 
Separation of metabolites was performed on a Zorbax Eclipse XDB-C18 column 
(50 x 4.6 mm Ld.; 1.8/zm, Agilent Technologies) maintained at 37 °C. The binary 
pump flow rate was 0.2 ml/min with a gradient spanning 2% B to 95% B over a 
25min time period. In addition, an aqueous normal phase chromatographic 
separation was also used for targeted identification of metabolites. This employed 
solvents containing acetonitrile (solvent A): water (solvent B), with both solvents 
modified by the addition of 0.2% acetic acid and 0.1% formic acid. The binary 
pump flow rate was 0.5 ml/min with a gradient spanning 95% B to 2% B over a 
20min period. Metabolites were separated on a Diamond Hydride column (4^m, 
100A 2.1 x 150 mm, MicroSolv Technology, Eatontown, NJ, USA), which was 
maintained in temperature-controlled chamber (37 °C). All the columns used in this 
study were washed and reconditioned after every 50 injections. 

Drug treatment. WT RA and OIR-treated mice were treated with MDL 72527 
in DMSO, 39 mg per kg of body weight, intraperitoneal) on P7 and P8, killed on P9 
and retinas were collected for further analyses. Vehicle groups received 
intraperitoneal injections of diluted DMSO. 

Amplex red assay for H 2 0 2 formation Analysis of hydrogen peroxide (H 2 0 2 ) 
formation was done using Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit 
(Life Technologies), according to manufacturer's instructions. 

Statistical analysis. One-way ANOVA with Tukey multiple comparisons or 
Student's f-test were used for analyzing data. 
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